The hydrophobic effect (or the aggregated effects that we call "the hydrophobic effect") that underlies the binding of many ligands to proteins involves three molecular participants: the surface of the binding pocket of the protein, the surface of the ligand, and the networks of waters that fill the pocket and surround the ligand. The molecular-level mechanism of the hydrophobic effect in protein-ligand binding remains a subject of substantial controversy. [1] [2] [3] There are three primary questions of interest: 1) Do hydrophobic effects reflect the release of structured (entropically unfavorable) waters from hydrophobic surfaces when the ligand and surface of the binding pocket come into contact? 2) Do hydrophobic effects represent the displacement of free-energetically unfavorable waters from the binding pocket by the ligand, and the release of free-energetically unfavorable (although perhaps different) waters from the hydrophobic surface of the ligand? 3) How important in free energy are the contact interactions between the protein and the ligand?
In a previous examination of these questions, [4] we compared the binding of a series of heteroarylsulfonamide ligands, and their "benzo-extended" analogues (Scheme 1), to human carbonic anhydrase II (HCA; EC 4.2.1.1). The addition of a benzo group: 1) increased the hydrophobic surface area (and the volume) of the ligand; 2) generated new van der Waals contacts between the ligand and hydrophobic wall of HCA; but 3) did not result in a significant increase in the area of contact between the hydrophobic surfaces of the protein and ligand. The free energy of binding of the arylsulfonamide ligands increased by À20 cal mol À1 À2 with the additional surface area of the benzo-extension, [4] an amount expected for normal hydrophobic effects (À20 to À33 cal mol À1 À2 ). [5] The heat capacity of binding (DC p 8) became increasingly negative upon benzo-extension [4] a change common to "hydrophobic interactions". [6] We drew two conclusions pertinent to protein-ligand interactions from this study: [4] 1) the balance of enthalpy and entropy responsible for the differences in the partitioning of a ligand, and its benzo-extended analogue, between octanol and buffer is not the same as that responsible for differences in the binding of these ligands to HCA; and 2) the increased binding affinity of the benzo-extended ligands to HCA results from an increased favorability in the enthalpy of binding, and not from an increased entropy of binding. Enthalpy-driven binding of a ligand to HCA is not compatible with the mechanism of the hydrophobic effect proposed by Kauzmann and Tanford (KT), [5, 7] but is similar to those observed in other protein-ligand systems in which water is released from the binding pocket upon binding of the ligand. [8] [9] [10] [11] We wished to determine if replacing the four C À H bonds of the benzo moiety with four C À F bonds (i.e., "fluorobenzoextension") would change the hydrophobic interactions of these ligands with HCA. Fluorocarbons are commonly believed to be "more hydrophobic" than homologous hydrocarbons, [12, 13] but typical measures of hydrophobicity-when corrected for differences in surface area-are very similar, if not indistinguishable. [10, 13, 14] We measured the partitioning of the benzo-and fluorobenzo-extended ligands between buffer and octanol, and found the surface area-corrected hydrophobicity of the ligands increases (by ca. 1.1 cal mol À1 À2 ) upon fluorination (see Supporting Information).
Benzo-and fluorobenzo-extended ligands bind to HCA with similar geometry. Crystal structures of HCA complexed with F 4 BTA, H 4 BTA, and H 8 BTA (Figure 1) show that the binding geometry of these ligands is similar in orientation, despite their differences in shape, volume, and surface. The binding geometry of F 4 BT, H 4 BT, and H 8 BT is also conserved (see Supporting Information).
Careful inspection of the crystal structures of H 4 BTA and [15] a 3.0 distance, seems particularly unfavorable.
The atomic composition of the benzo-extension does not affect binding affinity. We measured the enthalpies of binding (DH8 bind ) and the association constants (K a ) for the series of ligands in Scheme 1 using isothermal titration calorimetry (ITC), and estimated the free energies (DG8 bind ) and entropies (ÀTDS8 bind ) of binding. To account for differences in the pK a of each ligand, we corrected the measured thermodynamic parameters to represent the binding of the sulfonamide anion to HCA (see Supporting Information). [16] Remarkably, values of DG8 bind of the benzo-and fluorobenzoextended ligands are indistinguishable at a 90 % confidence level (Figure 2 A) . Values of DG8 bind , combined with an overall conserved binding geometry of each set of benzo-and fluorobenzoextended ligands suggest that binding depends on a fine balance of interactions between HCA, the ligand, and molecules of water filling the pocket and surrounding the ligand, and that a simple analysis of interactions between the protein and ligand (Figure 1 E) is insufficient to understand (or more importantly, predict) the free energy of binding. Our previous study of H 4 BT and H 8 BT showed that changes in the shape of the ligand also resulted in indistinguishable values of DG8 bind .
The increased binding affinity of TA (or T) upon benzo-and fluorobenzo-extension is an enthalpy-dominated hydrophobic interaction, and cannot be attributed to the "classical hydrophobic effect" described by KT nor to a "nonclassical hydrophobic effect". [17] The partitioning of H 4 BTA and F 4 BTA from buffer into octanol (Figure 2 B) is, however, an entropy-dominated hydrophobic effect, and in agreement with the KT model. that the increased binding affinity of the benzo-extended ligands is independent of the atomic composition (or molecular properties) of the benzo group.
While the DG8 bind is unchanged upon fluorination, we observe significant and compensating changes in DH8 bind and ÀTDS8 bind (Figure 2 A) . To elucidate potential sources of these enthalpy-entropy compensations-a common observation in protein-ligand complexes in which the ligands have very similar structures [18, 19] -we calculated the binding energy [20] of H 4 BTA and F 4 BTA to HCA, and decomposed these values into the individual energetic components (i.e., Coulombic, van der Waals, desolvation, ligand strain, etc.). (Figure 1 E) support the measured values of DH8 bind (Figure 2 A) . The calculated energies of desolvation are consistent with the measured values of ÀTDS8 bind , DG8 wo , and ÀTDS8 wo (Figure 2) . We assume the difference in the conformational entropy of the protein-ligand complex is minimal, and thus correlate the desolvation of a ligand as the primary contributor to ÀTDS8 bind . [21] The calculated values DG8 bind predict that F 4 BTA will bind to HCA with slightly higher binding affinity than H 4 BTA (by < 3.0 kcal mol À1 ), which is within the accuracy limits of the MM-GBSA method. [22] A detailed description of the calculations is presented in the Supporting Information.
Different benzo-extensions cause similar effects on the waters inside the protein pocket. The number of localized (i.e., crystallographically resolvable) waters in the binding pocket of HCA-ligand complexes increases from six to ten when H 4 BTA is replaced with F 4 BTA (or four to seven for H 4 BMP with F 4 BMP, Table 1 ). The number of waters localized by the benzo-extended ligands cannot be attributed solely to the solvent-accessible surface area of the ligand (H 4 BTA 448 2 , F 4 BTA 483 2 ) because H 8 BTA (470 2 ) has a larger surface area than H 4 BTA, but localizes a smaller number of waters. [4] We measured values of DH8 bind of TA, H 4 BTA, and F 4 BTA by ITC over a temperature range of 288-307 K, plotted DH8 bind as a function of temperature, and estimated the heat capacity of binding (DC p 8) for each ligand:
The DC p 8 of each ligand is negative, and supports our hypothesis of a hydrophobic interaction between the ligands and HCA. [6] The difference in the heat capacity of F 4 BTA and H 4 BTA (DDC p 8 = À44 cal mol À1 K À1 ) is much larger than the difference calculated from the buried, non-polar surface area of the two ligands (À19 cal mol À1 K À1 ). [6] We attribute this discrepancy between the measured and predicted values of DC p 8 to the additional waters observed in the binding pocket of the HCA-F 4 BTA complex. The value estimated by Connelly for the ordering of a single water (À9 cal mol À1 K À1 ) [23] suggests that three additional waters are fixed in the binding pocket of HCA when H 4 BTA is replaced with F 4 BTA, and is consistent with the four additional waters observed in the crystal structure.
Increases in binding affinity of ligands correlates with the number of waters released from the binding pocket of HCA, and not with the atomic composition or structure of the ligand. The calorimetry and X-ray crystallography data for the binding of benzo-and fluorobenzo-extended ligands to HCA reinforce our previous conclusion: [4] the hydrophobic effect involved in the binding of arylsulfonamide ligands to HCA is not dominated by a direct interaction between the hydrophobic surfaces of the protein and the ligand, but results 
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Zuschriften from waters that are displaced from the binding pocket into the bulk; these waters are less favorable in free energy than waters in the bulk.
The DG8 bind of F 4 BTA and H 4 BTA to HCA is independent of their exact orientation in the binding pocket, or their molecular structures, as both ligands displace a similar number of waters from the binding pocket. The addition of a benzo-extension to a heterocyclic sulfonamide ligand results in a favorable increase in DH8 bind ; the KT model does not explain the binding of these ligands to HCA, but does explain their partitioning between buffer and octanol. The fluorobenzo extension does result, however, in a decreased favorability of DH8 bind and an increased favorability of ÀTDS8 bind . We can rationalize the compensation of DH8 bind and ÀTDS8 bind in terms of the Coulombic interactions of each ligand with the binding pocket of HCA (i.e., the DH8 bind term) and the changes in the energy of solvation (i.e., the ÀTDS8 bind term) of the benzo-extended ligand upon fluorination.
The differences in the thermodynamics of partitioning of these ligands from buffer to octanol, and from buffer to the binding pocket of HCA, support the idea that there is not a single hydrophobic effect reflecting release of water from contacting surfaces of HCA and ligand, but rather aggregated hydrophobic effects that are dependent on the structure of water in the binding pocket of HCA, and on the structure of water surrounding the ligand. 
